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OPTICAL HETERODYNE TIME-DIVISION
DEMULTIPLEXER EMPLOYING STROBED
ASSIGNMENT OF CHANNELS AMONG A TANDEM
SEQUENCE OF HETERODYNING ELEMENTS

BACKGROUND OF THE INVENTION

This invention relates to receivers for optical communica-
tion systems in which a number of independent information
channels are time-division-multiplexed and in which, typi-
cally, the information is represented by on-off pulse code
modulation. Suitable modulations may be made for other
modulation formats. The information channels are said to be
time-division-multiplexed when bits of information from each
channel are interleaved in time in one-to-one correspondence
with bits from all the other channels in a repetitive manner to
yield pulse trains in which all channels are represented.

It has been shown that the information rate of a digital opti-
cal communication system may be increased by the use of op-
tical time-division-multiplexing. For example, see my article
with R. T. Denton, **Terminals for a High Speed Optical Pulse
Code Modulation Communication System: H. Optical Mul-
tiplexing and Demultiplexing,” Proceedings of the IEEE, Vol.
56, page 146 (FEB. 1968).

This technique is most effective when a mode-locked laser
is used to provide puises which are manipulated with an ap~
propriate digital format, as described in a companion article
with R. T. Denton in the same journal as above cited, at page
140. The pulses representing each channel are modulated to
represent the information to be transmitted in that channel
and then interleaved with the modulated pulses from the other
channels to form a very high density pulse stream.

Some technique for demultiplexing is used at the receiver of
such a system to separate the individual channels, so that the
pulses representing information in each channel may be de-
tected with meaningful continuity. A basic technique for
demultiplexing is based on recognizing that, at one instant of
time, the different channels will be assigned to different posi-
tions in space. If we were to strobe the multiplexed stream at
the frequency of the single channel, then the same channels
would be assigned to the same positions in space at the time of
every strobe occurrence. An array of strobed photosensitive
detectors can readily be arranged at these positions.

Several specific ways for implementing such strobed
demodulators have been suggested. Three of these ways have
been described by R. F. Broom et al. “Demultiplexing of Fast
Optical Pulse Code Modulation,” Archiv. Elektr. Ubertragung,
Vol. 23, p. 375, (July 1969). These techniques generally in-
volve the interaction of the received signal pulses and local
oscillator pulses from a mode-locked laser at the receiver
operating at the repetition rate of a single channel in some op-
tically nonlinear medium. Except for a technique employing a
two-photon fluorescent medium, these techniques have
generally required lossy elements between the channel detec-
tors and frequently also have involved loss of modulated signal
pulse energy in similar lossy elements between the detecting
elements for the different channels.

Moreover, because of the low conversion efficiencies of
presently available nonlinear materials, these devices are quite
inefficient.

It is therefore clearly desirable to implement a demultiplex-
ing technique of the foregoing type without power division
losses and with more efficient elements for the individual
channels.

SUMMARY OF THE INVENTION

Accordingly, I have invented a receiver for a time-division-
multiplexed optical PCM communication system, in which
demultiplexing is achieved without power division losses by
directing the received multiplexed pulse train and local oscil-
lator or strobe pulses at the channel bit rate in opposite
directions through aligned heterodyning detectors, each de-
tector assigned to a separate channel. The received pulses and
local oscillator pulses have differing optical frequencies; and
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2

the channel detectors include means for detecting coin-
cidences of the modulated pulses and local oscillator pulses at
the heterodyning elements.

In a preferred embodiment of my invention, the heterodyn-
ing elements are semi-transparent photocathodes of
photomultipliers; and the channel detectors further include
bandpass filters for passing intermodulation products having
frequencies between zero frequency and the channel bit rate
and blocking frequencies equal to or greater than the channel
bit rate and blocking zero frequency. This arrangement
removes the background signal that would otherwise be
present in the output because of the response of the photomul-
tipliers to individual signal or strobe pulses under conditions
of no heterodyning coincidence.

Asa further feature of the foregoing specific embodiment of
my invention, the outputs of the bandpass filters are disabled
after a time period comparable to the single channel bit time
slot, so that the photomultiplier is ready to detect the next
pulse for that channel.

BRIEF DESCRIPTION OF THE DRAWING

Further features and advantages of my invention will
become apparent from the following detailed description,
taken together with the drawing, in which:

FIG. 1 is a partially pictorial and partially block diagram-
matic illustration of a preferred embodiment of my invention;

FIG. 2 shows curves which are useful in_ explaining the
theory and operation of my invention; and

F1G. 3 shows a block diagrammatic arrangement of a band-
pass filter of the type useful in the embodiment of FIG. 1.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENT

A heterodyne demultipiexing and detection arrangement
implementing my invention is shown in FIG. 1. This arrange-
ment has the object of providing more efficient demultiplexing
than heretofore available and also provides a desirable sim-
plicity in that the modulated pulse trains and the local oscilla-
tor or strobe pulses propagate in opposite directions through
all of the heterodyning elements without the aid of any beam
splitters or loss-producing elements other than those directly
producing the heterodyning action.

The modulated pulse trains are provided in a continuous
stream of short optical pulses from an optical PCM time-divi-
sion-multiplexed transmitter 11 and are received after
propagation through a transmission medium 12 at the PCM
receiver 13. The PCM receiver 13 includes the optical local
oscillator source 14, such as a mode-locked laser, which pro-
vides short optical pulses recurring at the channel bit rate in
order to produce the strobing action of the type described
above.

It will be seen that the source 14 is disposed so that its pulses
propagate in a direction opposite that of the received pulses,
but along a common path traversed by those modulated opti-
cal pulses,

Aligned along the common path are the photocathodes 15,
16, 17 and 18 of the photomultipliers 19, 20, 21, and 22,
which respectively serve the first, second, third and nth output
information channels of the receiver 13. The photomultipliers
19 through 22 are drawn diagrammatically as encompassing
their associated photocathodes, but it should be understood
that they need impose no loss in the optical common path

other than that provided by the associated photocathode. A °

typical arrangement for the electronics of the photomultipliers
would differ from a conventional photomultiplier in that the
accelerating electrodes and associated components would be
turned lateraily to the light beam and offset from its path so as
not to block it. The photo-emitted electrons would be col-
lected out of the path of the light beam. An advantage of this
arrangement is that the overall photomultiplier length along
the light beam path can be made very small.

Alternatively, a conventional photomultiplier tube can be
used at an oblique incidence of the light beam upon the
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photocathode, thereby allowing the light beam to pass out
through a transparent side wall of the tube.

The photocathodes of the respective photomuitipliers are
separated by half of the spatial separation of the information-
modulated pulses of the corresponding channels within each
PCM pulse train.

The outputs of photomultipliers 19 through 22 are coupled
to the inputs of bandpass filters 23 through 26, respectively.
The desired channel output signals are obtained in baseband
pulse-code-modulated form at the outputs of filters 23
through 26. The decoding of these output pulse signals is well
known in the PCM art and is not detailed here, as it is not a
part of the present invention.

For assistance in understanding how the strobing provided
by source 14 “freezes” each successive multiplexed pulse
train with its respective channel bits in the same positions as
for the previous pulse trains, representative pulses are shown
shaded in FIG. 1. For example, a pulse representative of infor-
mation in channel No. 3 is shown with its leading edge just
passed through photocathode 17. At the same time, a strobe
pulse has penetrated photocathode 17 to the same degree
from the opposite side. Thus, there will be coincidence of
these two pulses in photocathode 17 throughout the duration
of both pulses, even though they are propagating in opposite
directions.

At this instant of time, a PCM pulse representative of infor-
mation in channel No. 2 is propagating toward photocathode
16 from the left. It will coincide therein with the same strobe
pulse which has previously penetrated the photocathode of
photomultiplier 21 and is travelling toward the photocathode
of photomultiplier 20. The modulated pulse of channel 2 and
the strobe pulse are equidistant from the respective nearest

,surfaces of photocathode 16. Thus, it is seen that they will also

experience coincidence in photocathode 16.

Since each strobe pulse will produce heterodyning action
with all the pulses representing information in all of the chan-
nels, it should be apparent that the photocathodes 15 through
18 must be relatively transmissive in order to avoid unnecessa-
ry attenuation of the strobe” pulse. Likewise, the modulated
pulsés, which have experienced attenuation during transmis-
sion through as many as n-1 photocathodes should also be
subjected to a minimum of unnecessary attenuation. There-
fore, 1 suggest the use of semi-transparent photocathodes
which can transmit up to 90 percent of the radiation incident
upon them. The preceding basic description shouid also make
clear that this spacing of the photocathodes 15 through 18 is
approximately equal to one-half the spatial separation of the
corresponding local oscillator pulses. This spacing may be
slightly modified with respect thereto to account for the
required propagation time of the strobe or local oscillator light
through refractive materials. This spatial separation is equal to
half the velocity of light times the period of the single channel
period designated T,.

In operation, it will readily be seen that each modulated
pulse produces some sort of a signal in each photomultiplier,
even those of the channels for which it does not represent the
desired information. The latter unwanted responses occur at a
time of no coincidence with a local oscillator pulse ini the
photocathode and represent a source of background signals. I
have devised a filtering technique for eliminating any effect of
this background signal upon the ultimate output.

The filter arrangement, which is incorporated into filters 23
to 26, is shown in block diagrammatic form in FIG. 3. It
preferably includes an active underdamped filter 31, receiving
an output of a photomultiplier and having its output coupled
to a level detector 32. The active underdamp filter 31 is illus-
tratively of the conventional type using 7 and T networks of
inductors and capacitors, together with active or amplifying
elements which may be adjusted to control the magnitude of
certain ones of the capacitances to achieve a desired passband
which will be described hereinafter with reference to FIG. 2.
A minimum of resistance is used in filter 31 in order that the
filter is underdamped and would, if permitted to do so,
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4

overshoot or even continue to ring for an indefinite period
when subjected to an input frequency that lies within its pass-
band.

The level detector 32 is simply an electronic circuit selected
to have a response threshold at a preselected level of filter out-
put. Such a circuit having a threshold is well known. The out- -
put of detector 32 is directed in part to the output decoding
apparatus (not shown) but is also directed to a circuit such as
an electronic relay for disabling the underdamped filter 31
after the passage of the channel time siot and before the oc-
currence of the next time slot for that channel. The time slot
referred to is the time period within which a pulse may be ex-
pected to occur at that location to represent a bit of informa-
tion in that channel. It should be clear that the inherent delay
of the disabler 33 should be chosen to be shorter than the in-
terval between the time slots for that channel. Thus, the disa-
bler 33 would typically employ an electronic type relay or
switch, rather than an electromechanical type. It would disa-
ble the filter 31 by switching a high loss across its output ter-
minals. Such techniques are well known and need not be
described further.

The filtering characteristic of the bandpass filters is based
upon a mathematical analysis of the embodiment of FIG. 1, as
follows:

Let

Ex=Ay exp [i (wut—z)‘;:-i-wu)]
35 e [ 5 (55P)]
(1)

be the electric field of the multiplexed pulse train and

-Eg=Ag exp [i (wgt+?;—:+¢!)]

2. [ (5]
@)

be the electric field of the strobe pulse train where AT is the
pulse half-width, Ay and Ag are the amplitudes of the mul-
tiplexed pulses and the strobe pulses, respectively, wy and wg
are the central optical frequencies of the multiplexed pulses
and the strobe pulses, respectively, Ay and Ag are the cor-
responding wavelengths of the multiplexed pulses and strobe
pulses, respectively, ¢y and @ are the phases of the mul-
tiplexed pulses and the strobe pulses, respectively, T, and T
(=T¢) are the pulse periods of the multiplexed pulses and the
strobe pulses, respectively, and x is a coordinate axis parallel
to the light beam. The current as a function of time at the out-
put of one of the photomultipliers is

i%raAu’{nf{_‘,m exp [—% (t_-—__ﬁ'_!)?]}’
+As’{n_i;m exp ["‘% (t—Z}TS)’]}’
+245Ax fv cos [(wg—wu)t‘i'?-;—z ‘

rom il 35 e[ (5]
(3)

where the integration is over the illuminated volume of the
photocathode and 1/A = 1/Ay + 1/As. The first two terms are
due to the multiplexed pulses and the strobe pulse alone, while
the third term is due to the simultaneous presence of a mul-
tiplexed and a strobe pulse at & photocathode. The third term
can be integrated to give
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. (=L

sin { =
A

2AnAu 7 eon [(wa—wm) i+ en—pou]

=)

by ,
(2 o [

where L is the thickness of the photocathode. The amplitude
of this term will not be significantly reduced as long as #L/X <
% or L < N2m. Under these conditions, the interaction
coherence length is not exceeded; and the photocathode
response is not degraded by phase mismatch of the coinciding
puises. These conditions are readily satisfied, as typical
photocathode thicknesses are in the neighborhood of 300 to
500 A. By taking the Fourier transform of Equation (4) the
frequency spectrum of the signal at the output of one of the
photomultipliers is given by

. Ayt & nxAT\3
tour (w) & Tu n-z—a: exp [—( Tx ) ]
72 = [-C7)]
+ T nxz_a exp Ta
» (%)
Asdn sin N {

Ts 2L
by

exp l: AT’(%’:—:—-‘:WG—"’M) )’]
xa(u— (%2~ (va—ane) ) +exp [—i(ps—g)]

2nx 2
@ Aq" ““—“+(@g—(ﬂ“)
X 32 exp [_ (Ts . ) J

T3~ a0

+ exp [i(es—om)] i}

Na—x

6(0—2—1.7%+ (wa—wu))
(5)

For the case where wg—wy = 7/Ts and where Ag >> Ay the
resulting frequency spectrum is shown in FIG. 2. For ®s=d,,
a rectangular bandpass filter 0 < w < 2m/T;, as shown in the
figure will contain a signal only when a multiplexed signal
pulse and a strobe pulse are simultaneously present at a
photocathode. The filter will contain no signat from the large
strobe pulse alone or from a muitiplexed pulse alone. In-
cidentally, the bandwidth of the filter is not quite sufficient to
pass information at the single channel rate and thus needs to
be followed by a disabling switch.

A more detailed explanation of the curves as shown in FIG.
2 is as follows:

The horizontal axis or abscissa represents angular frequen-
cy; and there is shown principally the positive angular
frequency portion thereof, even though the Fourier analysis of
the modulated pulse trains and strobe pulses provides a re-
lated negative frequency portion which has little physical
meaning. The ordinate represents the relative photomultiplier
output. The dotted curves of approximately Gaussian shape
do not represent any measurable values in the system of FIG.
1, except at the points at which the various pulses have

* frequency components according to the Fourier analysis.

Curve 41 represents the envelope of the differing frequency

components of the strobe pulses, and the actual components .

are shown as the vertical lines 42. The angular frequencies of
these components of the strobe pulses are separated in
frequency by the amount of 27/Ts where T is the period of
the strobe pulse. Curve 43 represents the envelope of the vari-
ous frequency components of the muitiplexed signal; and one
frequency component is shown as 51. This will coincide with

4 NS
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one of the frequency components 42 since the modulated pul-
ses occur at multiples of the strobe pulse rate. Of pertinence to
the operation of the bandpass filters 23 through 26 are the
curves 44 and 46 which are the envelopes of the different
frequency components 45 and 47, respectively, due to inter-
modulation or coincidence of signal and strobe pulses. The
frequency components 45 are represented by lines having
dashes, separated by a dot, and are offset from the com-
ponents of the multiplexed pulses and strobe pulses by about
#/Ts, even though the separation between the frequency com-
ponents 45 is twice as great, 2w/T,. The curve 44 and its
frequency components 45 are, respectively, the envelope and
the upper sideband intermodulation product produced in the
photocathodes. The curve 46 and its similar frequency com-
ponents having differing relative amplitudes with respect to
the frequency components 45 represent the lower sideband in-
termodulation products and their envelope. The frequency
components 45 and 47 need not coincide as shown in FIG. 2.
Components 45 and 47 will separate somewhat if the local

0 oscillator frequency drifts. It is only necessary for at least one
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of them to lie within the filter bandwidth.

The bandpass filters 23 through 26 have a filter bandwidth
somewhat less than 2#/T;. The filter passband extends from a
point just above zero frequency to a point just below the
frequency 27/T;.

Thus, the lowest intermodulation product frequencies fall
right in the middle of the passband whereas the other frequen-
<y components of the multiplexed pulses and the strobe pulses
alone lie outside the passband. Thus, the bandpass filter will
have an output if a pulse is present in the desired channel and
will not have an output if no pulse is present in the desired
channel. The disabling switch following the filter will prevent
carryover from one time slot to the next of the desired chan-
nel. In addition, its output will have a negligibly low response
to the multiplexed pulses or the strobe pulses in the absence of
their coincidence.

It should be noted that, while the foregoing embodiment ap-
pears to be limited to the space-sorting of about ten channels,
it can be used in systems having many more channels. One ar-
rangement would employ a time-sorting demultiplexer of the
type disclosed by S. J. Buchsbaum et al. in U.S. Pat. No.
3,506,834, issued Apr. 14, 1970, preceding a plurality of the
space-sorting demultiplexers disclosed herein. Each of the
latter would receive its information pulses at a respective posi-
tion at the periphery of the output reflector of the conical scan
deflector of the time-sorting demultiplexers. Several channels
in the train should be left empty to provide adequate guard
spaces for the transition times of the time-sorting demul-
tiplexer.

Another space-sorting demultiplexer for time-division-mul-
tiplexed receivers is the following. The multiplexed beam is
passed through an array of n (the number of channels) opti-
cally nonlinear crystals, such as barium sodium niobate,
separated by the spatial separation of the channels. Note that
this separation is twice as great as in FIG. 1. A strobe pulse at
another frequency (for example, 1.04 g obtained by optical
parametric oscillation pumped by a mode-locked Nd:YA G
laser) is introduced simultaneously to all n mixing crystals,
The strobe pulse has a repetition frequency equal to the single
channel clock frequency. It is timed by suitable pathlengths so
that it is in mixing crystal No. 1 when the signal pulse from
channei No. 1 is in mixing crystai No. 1, in mixing crystal No.
2 when the signal pulse from channel No. 2 is in crystal No. 2,
et cetera. If channel No. 1 contains an optical pulse then
photomixing will occur in the No. 1 crystat due to nonlinear
effects in the crystal. The mixing wiil produce a signal at the
sum frequency, 5,250 A, which is coupled out of the crystal by
a dichroic beam splitter and detected by a photodetector. The
dichroic beam splitter has to be reflective for the strobe and
the sum frequency and transmissive for the signal frequency.
The second harmonic of the signal at 5,320 A. and the strobe
at 5,200 A. would be blocked from the detector by a proper
optical bandpass filter. This would be repeated at each crystal

- v s - .
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and the separation into individual channels would be effected.
Different synchronized lasers could produce the strobe
pulse, instead of the single laser source.
In all cases, it is to be understood that the above-described

arrangements are merely illustrative of a small number of the

many possible applications of the principles of the invention.
Numerous and varied other arrangements in accordance with
these principles may readily be devised by those skilled in the
art without departing from the spirit and scope of the inven-
tion.

I claim:

1. A receiver for pulse-code-modulated optical pulses that
are time-division-multiplexed in pulse trains recurring at the
channel bit rate to represent information in a plurality of
channels, comprising

means for generating optical local oscillator pulses recur-
ring at the channel bit rate and having an optical frequen-
cy differing from that of the modulated pulses, and

means for demultiplexing and detecting said modulated pul-
ses, comprising

means for directing said local oscillator pulses in the op-
posite direction to that of said modulated pulses along a
common path,

a plurality of photomultiplier mixing means aligned along
said common path for mixing respective ones of said
modulated pulses with one of said local oscillator pul-
ses, and

a plurality of means for sensing at the outputs of respec-
tive ones of said photomultiplier mixing means signals
representing coincidences of said modulated pulses and
said local oscillator puise. - :

2. A receiver for pulse-code-modulated optical pulses that
are time-division-multiplexed in pulse trains recurring at the
channel bit rate’ to represent information in a plurality of
channels, comprising

means for generating optical local oscillator pulses recur-

ring at the channel bit rate and having an optical frequen-
cy differing from that of the modulated pulses, and

means for demultiplexing and detecting said modulated pul-

ses, comprising
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means for directing said local oscillator pulses in the op-
posite direction to that of said modulated pulses along a
common path, ]

a plurality of photosensitive means aligned in the path of
said pulses for generating respective different channel
signals having frequency components between zero
frequency and the frequency corresponding to the
channel bit rate, and

a plurality of filter means for passing said frequency com-
ponents and blocking frequencies equal to or greater
than the channel bit rate and equal to zero frequency.

3. A receiver for pulse-code-modulated optical pulses that
are time-division-muitiplexed in pulse trains recurring at the
channel bit rate to represent information in a plurality of
channels, comprising

means for generating optical local oscillator puises recur-

ring at the channel bit rate and having an optical frequen-

cy differing from that of the modulated pulses, and

means for demultiplexing and detecting said modulated pul-

ses, comprising

a plurality of photomultipliers having semi-transparent
photocathodes sequentially intercepting all of said
modulated pulses,

means for directing said local oscillator pulses through
said photocathodes in a direction and sequence op-
posite to the direction and sequence of the modulated
pulses, and

means for sensing at the output of said photomultipliers
signals representing coincidences of modulated pulses
and local oscillator pulses.

4. A receiver according to claim 3 in which the means for
sensing signals representing coincidences comprises a plurali-
ty of passband filters respectively coupled to the outputs of
said photomultipliers for passing a band of frequencies
between zero frequency and the channel bit rate.

5. A receiver according to claim 4 in which the plurality of
passband filters has a corresponding plurality of means for dis-
abling said respective filters before the occurrence of the next
channel time slot.
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